Abstract A kinetic study within the low-temperature methanol steam reforming (MSR) reaction was performed over a novel CuZrDyAl catalyst. The physicochemical and catalytic properties of the CuZrDyAl catalyst were compared with those of a conventional CuO/ZnO/Al 2 O 3 (G66 MR, Süd-Chemie) sample. The inhouse catalyst displays better performance than the reference G66 MR sample in terms of methanol conversion and selectivity. The parameters of a simple powerlaw equation and two mechanistic kinetic models were determined minimizing the residual sum of squares; the best fitting with the experimental data were obtained when using Model 3, based on the reported work from Peppley et al. (Appl Catal A 179:31-49, 1999) for the commercial CuO/ZnO/Al 2 O 3 . Noteworthy is the small number of MSR kinetic studies at 170-200°C temperature range.
Introduction
Hydrogen is considered the energy vector of the future where fuel cells are expected to have a key role as energy converting devices with high efficiency [1] . Despite being a clean energy carrier, handling and storage of an explosive gas such as hydrogen requires special conditions and special materials to minimize diffusion and leakages [2] . Different techniques are currently considered: the use of hydrogen tanks at very high pressures (up to 700 bar), hydrogen liquefaction and the use of chemical substances that have the capacity of reacting reversely with hydrogen, such as metallic and organic hydrides [3] . Nevertheless, none of the mentioned approaches can reach competitive volumetric energy density levels of the common fuels. For example, liquid hydrogen has a volumetric energy density of 9.8 MJ L -1 , ca. 3-4 times lower than gasoline or diesel fuels [4] . This has engaged the search of parallel strategies to provide hydrogen grade for fuel cells, namely, the in situ reforming of fuels such as methanol, DME, ethanol or methane. Methanol has unique advantages: it is liquid fuel at ambient conditions with a volumetric energy density of 15.9 MJ L -1 (LHV)- [4] ); it has a high hydrogen to carbon ratio with no carbon-carbon covalent bonds, which opens the possibility of lowtemperature reforming (150-300°C) [5, 6] . Though, undesirable carbon monoxide (CO) is formed in side reactions of methanol steam reforming (MSR), methanol decomposition (MD) and reverse water-gas shift (RWGS): 
Carbon monoxide has a detrimental influence on the performance of fuel cells as a consequence of the well-known poisoning effect on the Pt-based electrochemical anode catalyst of the polymer electrolyte membrane fuel cells (PEMFC). Hydrogen grade standards for fuel cell vehicles refer that the CO concentration should be below 0.2 ppm for automotive applications [7] . Recently, high temperature polymer electrolyte membrane fuel cells (HT-PEMFC) technology, which operate in the temperature range of 160 and 200°C, shifted the limit of CO concentration to ca. 0.1 % (1000 ppm) at 170°C. As additional advantages HT-PEMFCs have higher electrochemical catalytic activity, simpler water management and simpler integration with methanol steam reformers compared to low-temperature PEMFCs; preferential oxidation reactors, humidifiers, air compressors and radiators are among the dispensable process units [8] .
The integration of a methanol reformer with HT-PEMFCs can assume different configurations. However, coupling the exothermic electrochemical reactor (HT-PEMFC) with the endothermic MSR reactor should result in a significant energy integration if both reactors run at a common temperature; energy savings are ca. 11 % of the methanol fuel energy [9] . Since HT-PEMFCs are limited to operate up to 200°C, the common temperature should be no more than 200°C. Thus, the efficiency of a combined system of MSR and HT-PEMFC is highly dependent on the MSR catalyst reaction kinetic at low-temperatures (\200°C), which defines the purity and flow rate of hydrogen produced.
Since the 1960s, the developed copper-based catalysts have revolutionized the methanol reformation process [6] . The coprecipitation method is an attractive route to produce these commercial catalysts, especially at a large scale [10] . At present, a completely tuned and commonly used formulation in the industry is the CuO/ZnO/ Al 2 O 3 catalyst, which is also used for methanol production and water-gas shift reaction [5, [11] [12] [13] . Nevertheless, there are several reports describing the preparation of copper-based catalysts for MSR using coprecipitation, where copper is combined and precipitated with various metals [14] [15] [16] [17] [18] [19] [20] . For instance, zirconia has been reported to have a beneficial effect for MSR, attributed to copper improved reducibility and dispersion [16, 18] ; rare earth metal oxides have been studied, such as Y, Pr and Tb, and reported as a viable strategy for improving the MSR activity at low temperatures [15, 21] . Recently, CuZnGaO x formulation has been found to be highly active and suitable for low-temperature methanol steam reforming (LT-MSR). This high activity was assigned to the incorporation of a small amount of Ga that promotes a high copper dispersion on a defective ZnGa 2 O 4 surface [22] [23] [24] . Improving the CuO/ZnO/Al 2 O 3 commercial catalyst in terms of selectivity and activity would have direct repercussion on the integration of LT-MSR and HT-PEMFC. Most of the kinetic studies in literature concerns with the CuO/ZnO/Al 2 O 3 catalyst at temperatures above 200°C.
A novel CuZrDyAl MSR catalyst was prepared and characterized concerning the morphology and composition and the reaction rate at 170-200°C; commercial catalyst G66 MR from Süd-Chemie (CuO/ZnO/Al 2 O 3 ) was used as a reference for the reaction rate study. Three kinetic models were fitted to the experimental reaction rates, one empirical [25] and two mechanistic [13, 26] .
Experimental
Catalyst synthesis A CuZrDyAl sample was prepared by coprecipitation from a 0. 8 The CuO/ZnO/Al 2 O 3 (G66 MR from Süd-Chemie) sample was used as supplied.
Characterization
The identification of the crystalline phases was performed by X-ray powder diffraction (XRD), using a Bruker AXS D8 Discover equipment, in h-2h mode, with a step of 0.048 and an integration time of 2 s. The mean size of CuO crystallites was determined based on XRD peak broadening using the Scherrer equation:
Here D is the average size of the CuO crystallites (nm), K is the crystallite-shape factor, k is the wavelength of the K a radiation of Cu (k = 1.5418 Å ), h is the Bragg angle, and b is the broadening of the diffraction line measured at half maximum intensity (FWHM). The average particle size was estimated by assuming all the particles to have same spherical shape and size, so K was 0.9.
The characterization by scanning electron microscopy (SEM) was performed using a FEI Quanta 400 scanning electron microscope equipped with an energy dispersive X-ray high vacuum detector (EDX). The SEM images were captured at low vacuum using the large field detector (LFD).
Induced coupled plasma (ICP-MS) analyses were carried out in a Thermo X Series equipment and samples digested in a concentrated nitric acid solution.
The reducibility of the CuZrDyAl catalyst was studied by hydrogen temperature programmed reduction (H 2 -TPR) measurements under a 5 % hydrogen stream diluted in argon at a total flow rate of 50 cm 3 min -1 . The TPR profiles were obtained with an automatic chemisorption analyzer (ChemBET Pulsar TPR/TPD). 50 mg of sample was placed in a long U-shaped quartz cell and heated from 50 to 400°C at a rate of 5°C min -1 . Hydrogen consumption was measured by a thermal conductivity detector (TCD). A copper oxide sample (CuO, Riedel-de Haën) was used as reference material.
MSR: fixed-bed tests
The MSR reaction rates were obtained at atmospheric pressure in an in-house built set-up [5] . The experimental setup uses a tubular reactor (7.25 mm i.d., 6 cm length) placed inside an oven. Plug flow conditions were assumed since catalyst diameter to reactor length ratio was higher than 50 (L reactor d particle ! 50) and the reactor to catalyst diameter ratio was higher than 30 (d reactor d particle ! 30) [27] . The reaction was performed with a mass of 400 mg of catalyst (W) and the methanol flow rate (F 0 ) was changed to obtain different space-time ratios (W/F 0 ). The water: methanol molar ratio was 1.5. Kinetic experiments were performed in the temperature range of 170 to 200°C. The catalyst was reduced in situ using 40 % hydrogen in argon stream at 240°C for 2 h. The gas feed flow rate was controlled by mass flow controllers from Bronkhorst (model F-201C, ± 0.1 FS). The required flow rate of methanol aqueous solution was controlled using a controlled evaporation and mixing (CEM) system from Bronkhorst. The condensable reactants were separated from the gas mixture in a condenser at ca. 0°C. Hydrogen and carbon dioxide were analyzed in a quadruple mass spectrometer (Pfeiffer, Vacuum OmniStar GSD 320). Carbon monoxide concentration was measured using CO infrared analyzer from signal instruments (7100 FM) with accuracy of ±0.2 ppm. The MSR conversion (X CH 3 OH ) was determined using Eqs. 1 and 2:
Here F out CO 2 and F out CO are carbon dioxide and CO outlet molar flow rates and F in CH 3 OH is the inlet methanol molar flow rate.
Results and discussion

Physicochemical characterization
The physicochemical properties of the in-house CuZrDyAl and the as-received CuO/ZnO/Al 2 O 3 catalysts (hereafter denoted as G66 MR) were evaluated by means of the following techniques: ICP-MS (catalyst composition), N 2 -physisorption (BET surface area), SEM-EDX (structure), XRD (crystallinity) and H 2 -TPR (reducibility).
The composition of both samples determined by ICP is given in Table 1 It is important to note that both samples exhibit nearly the same copper content (ca. 65 wt% CuO) and, considering that Cu-species are the active sites for MSR reaction, the catalytic differences observed here can be related to different physicochemical properties. Fig. 1 shows the nitrogen adsorption-desorption isotherm for CuZrDyAl ( Fig. 1a ) and G66 MR (Fig. 1b) catalysts. According to the IUPAC classification, the isotherms obtained for both samples appear to be type-IV with a type-H3 hysteresis loop, indicating a mesoporous structure. Although both samples showed the same type of isotherm, clearly the amount of adsorbed nitrogen was different ( Fig. 1a and b) . Accordingly, the specific surface area and pore volume values of CuZrDyAl (98 m 2 /g; Vp: 0.61 cm 3 /g) are significantly higher than those of G66 MR (60 m 2 /g; Vp: 0.36 cm 3 /g). The XRD patterns of both samples are displayed in Fig. 2 . All the diffraction lines of the CuZrDyAl sample can be indexed using the tenorite phase of CuO (ICDD file number 00-048-1548). As apparent in Fig. 2 , no diffraction lines of any Al, Zr or Dy compounds were observed for CuZrDyAl, suggesting that these species were highly dispersed in this sample. In the case of the G66 MR sample, besides tenorite phase, additional features ascribed to zinc oxide (ZnO-ICDD file number 01-089-1397) and aluminum oxide (Al 2 O 3 -ICDD file number 01-070-3321) are found (Fig. 2 ). Both catalysts show broad CuO peaks, indicating that they are made up of relatively small CuO particles (note that both catalysts contain 65 wt% of CuO). The estimated mean crystallite size of CuO for both samples is in the order of 9 nm ( Table 1) .
The H 2 -TPR profiles of CuZrDyAl and G66 MR catalysts are presented in Fig. 3 . The TPR curve of a bare CuO sample is also included in this figure for comparative purposes. Clearly, and not surprisingly, CuZrDyAl and G66 MR catalysts are reduced at much lower temperatures than the reference CuO sample ( Fig. 3 ; Table 2 ). This is in line with reported data, since addition of promoters, such as ZrO 2 and ZnO, results in catalysts that are easier to reduce than their unpromoted counterparts [28] [29] [30] .
The TPR profile of pure CuO ( Fig. 3 ; Table 2 ) is characterized by two reduction peaks at ca. 280°C (LT-peak) and 320°C (HT-peak). According to other published works [17, 30, 31] and reference [18] of the present study), the presence of two 
Thus, one can assume that LT-peak and HT-peak in Fig. 3 correspond to the twostep reduction from Cu 2? to Cu 0 described by Eq. 5. It is interesting to note that the reduction temperature of copper in the CuZrDyAl sample is significantly lower (by about 45°C; Table 2 ) than that of the G66-MR sample ( Fig. 3; Table 2 ), although both samples have similar copper content ( Table 1) . On the other hand, the shapes of the TPR curves of the catalysts are clearly different (Fig. 3) . The TPR profile of the in-house catalyst displays two distinct reduction peaks, a major peak at a lower temperature (LT-peak in Fig. 3) , which represents about 75 % of the overall peak area, and the other peak at higher temperature (HT-peak in Fig. 3) .
The occurrence of two peaks in the CuZrDyAl sample could be due to the presence of: (i) copper oxide species with different particle sizes; and/or (ii) copper species differently interacting with the zirconia-rich matrix. The present findings also confirmed previous results reporting on the existence of two reduction peaks for binary Cu/ZrO 2 samples [32, 33] . The authors attributed this behavior to the presence of different copper-ZrO 2 interactions.
As seen in Fig. 3 , the G66-MR sample was fully reduced between 165 and 270°C. Unlike the in-house sample, G66-MR shows a single broad peak centered at 235°C with a small shoulder around 255°C.
The present findings unequivocally evidence that the reducibility of CuO was significantly improved in the CuZrDyAl catalyst. The addition of Zr and Dy as promoters allows lowering the CuO reduction temperature, which is likely due to the strong interaction of copper species with the ZrDy-containing matrix. Two kinds of copper species are present on the surface of the in-house catalyst that are responsible for the two reduction peaks observed during the reduction of this sample.
To sum up, the in-house CuZrDyAl and G66 MR catalysts were characterized according to their, elemental composition, textural properties, crystallinity and reducibility. According to XRD, both samples have similar CuO particle size although the in-house sample has a higher specific surface area. The main difference between both samples is undoubtedly the reducibility of CuO that is noticeably enhanced in the CuZrDyAl catalyst.
According to XRD, both samples have similar CuO particle size although the inhouse sample has a higher specific surface area. The amount of CuO was also approximately the same for both catalysts (see Table 1 ). Therefore, the main difference between the two samples is undoubtedly the reducibility of CuO that is noticeably enhanced in the CuZrDyAl catalyst. There is evidence in the literature that underlines the importance of the ease of copper reduction for having improved activity for MSR [17, 22, 38, 39] . In fact, ZrO 2 and ZnO are pointed out to have beneficial role for decreasing the reduction temperature of copper-based catalysts, which is suggested to be a consequence of a hydrogen spill-over effect [17, 38] . Therefore, depending on the metal oxide matrix that surrounds the copper particles, changes can occur in the Cu 0 /Cu ox redox mechanism, which is suggested to be an important factor for the catalyst activity [17, 40] .
Kinetic models
In the literature, several semi-empirical and mechanistic models can be found for the MSR reaction. The mechanism of the MSR reaction is still a matter of debate. Some authors consider the CO formation from RWGS excluding MD [12, 26] and others include a network of three reactions where MD has also a contribution. For instance, Peppley et al. have reported a kinetic model that includes MD, RWGS and MSR [13] .
Since the kinetic experiments in this work were performed at low temperature (170-200°C), the contribution of MD as a side reaction should be negligible. There are many studies that support this assumption, and attribute the formation of CO to the RWGS due to the high concentrations of CO 2 and H 2 in the reaction medium [5, 12, 22, 26] .
Empirical model
The use of empirical equations to compute the MSR rate is a common strategy reported in the literature [5, 11, 25, 34] . Despite their simplicity, in some cases, the experimental results are better fitted using power-laws [35] . Moreover, some authors denote preference for the power-law kinetics when the purpose of the study is to predict the hydrogen and CO production for fuel cells applications [25] . In this work, the following power-law expression was used to describe the experimental results and was designated as Model 1:
Here k MSR is the kinetic constant of the MSR reaction (k MSR ¼ k 0 e ÀE a= RT ), where E a is the activation energy, k 0 is the pre-exponential factor, R is the gas constant and T is the absolute temperature-Arrhenius equation); a, b, c and d are the apparent reaction orders of methanol, water, hydrogen and carbon dioxide. This model has been used in the literature for the MSR reaction on CuO/ZnO/Al 2 O 3 commercial catalysts [5, 25] . It has a total of six parameters, including the activation energy and pre-exponential factor.
Mechanistic models
There are several mechanistic expressions that describe the kinetics of MSR and there is still controversy regarding this matter in the literature. The first reaction mechanism proposes the formation of H 2 and CO primarily from MD and then the water-gas shift (WGS) would occur to produce CO 2 and H 2 [36] . Other authors claimed that the correct pathway involves the formation of CO 2 and H 2 through direct MSR, followed by the RWGS reaction [37] . According to the first mechanism, the amount of CO should be equal to or higher than the equilibrium of the RWGS reaction and this condition must be verified for the whole temperature range [12, 26] . However, experimental results have indicated the opposite, meaning that the CO amount in the temperature range of 160 to 260°C was always below the equilibrium of the RWGS [5, 12] .
The Langmuir-Hinshelwood kinetic equation proposed by Tesser et al. [26] assumes the formation of CO from MD followed by WGS that leads to production of H 2 and CO 2 as reaction pathways. The detrimental effect of the partial pressure of both H 2 and H 2 O are included factors on the model equation. This inhibitory effect takes into account the competitive adsorption of the reactants, water and methanol, and of the produced hydrogen on the active sites. The former model was applied to the obtained experimental data and it was designated as Model 2:
Here k MSR is the MSR kinetic constant; K CH 3 OH , K H 2 O and K H 2 are the adsorption equilibrium constants of methanol, water and hydrogen; p CH 3 OH ,p H 2 O andp H 2 are the partial pressures of methanol, water and hydrogen. This model has eight parameters, including the activation energy and pre-exponential factor.
Peppley et al. [13] proposed a reaction network considering MSR, MD and RWGS reactions and assumed two different active sites on the catalyst, one for hydrogen and the other for oxygen containing species. The resulting rate expression can be written as follows and was designated as Model 3:
Here constants denoted by K i are the adsorption equilibrium constants for the intermediate species involved and K MSR is the equilibrium constant for MSR. The model has a total of ten parameters, including the activation energy and preexponential factor. The parameter estimation was, however, simplified using data gathered by Skrzypek et al. regarding the adsorption of various reactants, products and possible intermediates in methanol synthesis for the CuO/ZnO/Al 2 O 3 commercial catalyst [13] . As a result, the number of parameters estimated was reduced to a total of six. In this work, the model suggested by Peppley et al. with six and ten parameters was considered and parameters were obtained by non-linear regression.
Parameter estimation
Assuming plug flow pattern and no mass transfer resistances, the mass balance to the reactor fixed bed reactor is:
Here F 0 is the flow rate of methanol and Àr CH 3 OH ð Þis reaction rate of methanol. Rearranging Eq. 9 gives:
Here X CH 3 OH is the methanol conversion. The experimental reaction rates were determined from the first derivative of a second order polynomial fitting curve to the experimental results (Eq. 10) [12, 13] . The kinetic parameters were obtained by minimizing the mean residual sum of the squares (MSRR) (Eq. 11):
Here, r exp;i and r cal;i are respectively the experimental and predicted reaction rates; N and N p are respectively the number of experimental values (N = 24) and of estimated parameters. Fig. 4 presents the parity plots for each model; a good fitting between calculated and experimental values is observed. The mechanistic models provide a closer description of the experimental reaction rates, moreover Model 3 present the lowest MSRR, 1.4 9 10 -7 . Accordingly, when comparing Model 3 with Model 3* (Table 3) , a slightly worse fitting of Model 3* was obtained; the parameters obtained in this work for the CuZrDyAl do not present significant differences to the data tabled for the commercial CuO/ZnO/Al 2 O 3 . Lee et al. observed the same behavior for CuO/ZnO/ MnO/Al 2 O 3 catalyst [12] . Actually, the former catalyst has only 2 wt% of MgO and therefore it has a very close chemical composition when compared with the commercial catalyst. This suggests that a small change in the metal oxide composition of the catalyst does not affect significantly the adsorption equilibrium enthalpies (see Table 1 ).
Finally, Model 2 considers a very different reaction mechanism and had a MSRR of 1.7 9 10 -7 . There is a clear difference between both models regarding the reaction schemes; Peppley et al. (Model 3) assumes a reaction network with MD, MSR and RWGS occurring sideway, while Tesser et al. (Model 2) assumes a mechanism where CO is first produced as a result from MD, and afterwards WGS occurs to form CO 2 and H 2 . Other studies report that the amount of CO produced during MSR is above the WGS equilibrium, which suggests a different reaction path than the one addressed by Tesser et al. [5, 12] . Comparing both mechanisms in more detail, the mechanistic model presented by Peppley et al. for MSR (Model 3) was based on the extensive data reported in the literature for the methanol synthesis reaction (MS). Despite this fact, the reverse methanol synthesis models failed to describe MSR, mainly due to the differences in the reducing potential of the reactant mixture that change the chemical state of the catalyst. The compiled MS results indicated that hydrogen has a unique mode of adsorption, as described by Peppley et al. This has led to a model that assumes two different active sites, one for mentioned, there is a preference of some authors [25] for using power-law equations that are simple to use and provide an acceptable fitting with the experimental data. According to the previous section, Model 3 is the mechanistic model that exhibits the best fitting. Therefore, a comparison is established between the estimated ) and the total surface concentration of the active sites considered in the model catalysts when using this model-see Table 4 .
For the MSR reaction, the CuZrDyAl catalyst exhibits lower activation energy than CuO/ZnO/Al 2 O 3 catalyst (Süd-Chemie, G66 MR), suggesting higher catalytic activity of the in-house prepared catalyst. Therefore, catalytic Süd-Chemie G66 MR was further characterized at 180°C, using the. Fig. 6 , compares the reaction conversion as a function of the space-time on both catalysts. Fig. 6 shows that the CuZrDyAl catalyst has a higher catalytic activity than the catalyst CuO/ZnO/Al 2 O 3 at 180°C. Moreover, the CuZrDyAl catalyst produces less CO than the commercial catalyst. At space time ratio of 100 kg cat. mol -1 s -1
and 180°C, the reformate stream contains 60 ppm of CO in the case of catalyst CuZrDyAl and 90 ppm of CO in the case of the commercial catalyst. The developed CuZrDyAl catalyst is a promising formulation for MSR, not only regarding its activity but also the CO amounts produced.
Conclusions
A novel CuZrDyAl catalyst was synthesized, characterized and tested at low temperature MSR (170-200°C) and a space time ratio between 15 and 60 kg cat. -mol -1 s -1 . The physicochemical characterization of the in-house catalyst CuZrDyAl and the reference catalyst G66-MR by Süd-Chemie indicates that the in-house catalyst has an improved reducibility of copper oxide, which could be attributed to higher dispersion of copper particles and/or the presence of copper species strongly interacting with the Zr-rich matrix.
Three kinetic models were applied to describe the CuZrDyAl experimental reaction rates, where Model 3, showed the best fitting. The performance of the new catalyst was compared with catalyst G66-MR at 180°C and both selectivity and activity were higher for the CuZrDyAl sample. The better performances shown by the in-house sample could be attributed to its enhanced copper reducibility.
